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I schemia-reperfusion (IR) injury remains a significant problem in organ procurement and transplantation due to the severe oxidative injury that occurs in the organ. 1 IR injury in kidney transplantation manifests as primary nonfunction or delayed graft function. Approximately one-third of all kidney transplants will develop delayed graft function; this failure rate increases to as high as 50% in kidneys donated after circulatory death. [1] [2] [3] [4] Delayed graft function is not only a well-established risk factor for inferior graft survival, but it also leads to increased resource utilization and expense in the immediate posttransplant setting as one awaits the return of renal function. [5] [6] [7] [8] As a result, an important, unmet need in solid organ transplantation is the prevention of IR injury.
The complete mechanisms underlying IR injury are complex and incompletely understood, but oxidative stress, necrosis, cell apoptosis, ATP depletion, and calcium dyshomeostasis all contribute to the mechanisms of renal IR injury. [9] [10] [11] The generation of reactive oxygen species (ROS) in the reperfusion phase leads to DNA mutation and initiation of apoptotic and necrotic death cascades, ultimately leading to cell death.
setting in which IR injury is encountered, including transplantation, vascular surgery, urologic surgery, and neurosurgery.
PrC-210 is the prototype of a new family of immediateacting, small molecule aminothiol ROS scavengers, which can be administered orally, intravenously, or topically, and it has no measurable nausea, emesis, nor hypotension side effects in animal models. [13] [14] [15] Unlike traditional antioxidants that act indirectly over hours-days by chemical modification of nuclear factor erythroid 2-related factor 2 to activate expression of protective genes, PrC-210 and its analogs directly scavenge ROS to confer 100% protection in seconds to minutes. [16] [17] [18] [19] To evaluate the ability of PrC-210 to prevent ROS-induced cell death in kidney transplant, we measured the ability of a single systemically administered PrC-210 dose to reduce (1) kidney caspase activation, (2) kidney tubule necrosis, and (3) serum blood urea nitrogen (BUN) elevation using the established mouse renal IR injury model. 20 As part of this screening study to determine PrC-210 protective efficacy, 2 structural analogs of PrC-210, PrC-211, and PrC-252, which have known chemical differences in charge and half-life, were compared with PrC-210 for their ability to confer kidney protection.
MATERIALS AND METHODS

Animals
Ten-week-old C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME) and housed in the University of Wisconsin Laboratory Animal Facility. All procedures were performed in accordance with the Animal Care and Use Policies at the University of Wisconsin. Animal health including animal deaths, room temperature, 12-hour light/dark cycles, and cage cleaning among other sanitation duties were performed daily by animal care staff. Food and water were available ad libitum. This research was prospectively approved by the School of Medicine and Public Health Institutional Animal Care and Use Committee at the University of Wisconsin (protocol number B00000588). Mice were randomized into baseline control, no drug plus IR injury, PrC-210 plus IR injury, PrC-211 plus IR injury, and PrC-252 plus IR injury. All groups contained 4 to 7 animals.
Materials
Synthesis of the PrC-210 HCl aminothiol is described separately. 19, 21 PrC-210 HCl crystals are stored under a nitrogen atmosphere at −20°C, and even with routine thawing, use, and restorage, crystalline PrC-210 is completely stable for >4 years by mass spectrometry analysis. PrC-211 and PrC-252 were synthesized as described. 21 Chemical structures of each molecule are shown in Figure 1 . The administered intraperitoneal dose for each of the 3 molecules was 0.24× the maximum tolerated dose (MTD). Intraperitoneal MTDs were previously determined for PrC-210 (504 µg/gm body weight [bw]), PrC-211 (500 µg/gm bw), and PrC-252 (287 µg/gm bw).
14 Other chemical reagents were obtained from Sigma Aldrich (St. Louis, MO).
Experimental and Surgical Procedure
The schedule in which drug was administered by intraperitoneal injection, left kidneys were occluded to administer IR insult, and right kidneys were removed as controls, is shown diagrammatically in Figure 1A . Surgical manipulation was performed as described previously. 20 Briefly, 20 minutes after vehicle or aminothiol intraperitoneal injection, mice were anesthetized with 2% isoflurane. The abdominal region was sterilized with topical alcohol. A midline incision was made to expose renal pedicles bilaterally. The left renal hilum was occluded using a nontraumatic microvascular clamp for 30 minutes to achieve complete cessation of renal blood flow, and a right nephrectomy was performed. After 30 minutes, the clamp was removed to restore blood flow to the left kidney. Successful ischemia or reperfusion was judged by observing the change in kidney color from bright red to dark blue or from dark blue to bright red, respectively. The abdominal wound was sutured after confirming reperfusion to the kidney. At the time of retrieval 24 hours later, blood samples were collected by cardiac puncture, and left nephrectomy was performed. Blood was centrifuged (3000 RPM for 10 min at 4°C) immediately to separate the serum, which was stored at −80°C until assayed. Kidneys were divided in half and immediately frozen in liquid nitrogen and stored at −80°C until used for caspase assay or were placed in formalin for histology. Four to seven animals were included in each treatment group.
Renal Assessments
Caspase-3 and 7 activity in kidney homogenate supernates was determined using the Apo-ONE fluorescent substrate (Promega, Madison, WI). Briefly, thawed kidneys were mixed with an 8-fold excess of lysis buffer containing 50 mM Na HEPES, pH 7.4, 100 mM NaCl, 1 mM EDTA, 10 mM DTT, 10% glycerol, and homogenized at 4°C for 30 seconds with a stainless steel blade homogenizer (5000 RPM). The kidney homogenate was then centrifuged at 4°C at 16 000g in an Eppendorf 5418 microfuge for 20 minutes. The resultant supernates were immediately assayed for caspase activity or frozen and stored at -70°C. Supernate protein was measured by the Bradford method using bovine serum albumin standards. The caspase assay was performed as follows: 38 μg of supernate protein diluted to a total volume of 50 µL with the above lysis buffer, was mixed with 50 μL of the undiluted Apo-ONE substrate in the well of a black, opaque, 96 well plates to initiate the 60-minute reaction. Plates were shaken at 200 RPM at 37°C for 60 minutes. The DEVD caspase substrate peptide cleavage was measured using a BMG Clariostar fluorescent plate reader at an excitation wavelength of 499 nm and emission wavelength of 521 nm. A caspase standard was included for each experiment.
Serum BUN was measured on an IdexxVetTest 8008 bioanalyzer (Idexx Laboratories, West Sacramento, CA) using compatible assay chips. Serum BUN was measured in serial dilutions using no dilution, 1:1, and 1:2 with normal saline.
PrC-210 Protective Lead Time Assay
To establish the lead-time needed for PrC-210 to protect naked plasmid DNA against ROS, exposure to a nearly instantaneous pulse of 
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Immediately following the 60-second
• OH pulse that is achieved during the 60-second UV irradiation, triplicate samples of the irradiated plasmid DNA (200 ng) were electrophoresed on a 1% agarose gel in Tris-acetate buffer for 90 minutes at 60 volts. Gels were stained with ethidium bromide, digitally imaged, and supercoiled versus nicked/ • OH-damaged DNA band intensities were quantified using Image J software.
Kidney Histology
Kidneys were fixed in 10% formalin and embedded in paraffin; sections were then mounted and stained with hematoxylin-eosin. Images from slides were taken using a Nikon Diaphot microscope with a Nikon D3100 metered camera.
IR-induced renal tubular injury scores were determined on blinded microscopic images (6-10 independent images per treatment group). Automated quantification of 10× objective kidney histology images was performed using a custom macro written for ImageJ software (https://imagej.nih.gov/ij/index. html). Briefly, each 10× objective image of kidney sections was processed through an ImageJ macro that was designed to quantify tubular thickness including brush border, the presence of healthy tubules, injured tubules, or necrotic tubules with loss of nuclei. The operator was blinded to the identity of the images. The ratio of nuclei to injured or necrotic tubules (lacking nuclei) was used to calculate a tubular injury score. Scores were then averaged and plotted using GraphPad Prism.
Statistics
Data are expressed as means ± SEMs. One-way Student t tests were used to determine statistical difference and P values using GraphPad Prism 7.03 software. P < 0.05 were considered significant.
RESULTS
PrC-210 Reduced Kidney Cell Death and Improved Renal Function
To test its ability to prevent IR injury, PrC-210 was administered intraperitoneally 20 minutes before initiating kidney ischemia ( Figure 1A ). Right nephrectomy was performed immediately after the left kidney was clamped. Reperfusion occurred 50 minutes following aminothiol administration. Animals were retrieved 24 hours following IR injury ( Figure 1A ). Kidney caspase activity was measured as a surrogate marker of cell death. Animals who received PrC-210 demonstrated a significant decrease in caspase activity Mice received a single intraperitoneal PrC-210 injection 20 min before L kidney occlusion. The PrC-210 dose (121 µg/gm body weight [bw]) was 0.24× maximum tolerated dose (MTD); the PrC-210 MTD (504 µg/gm bw) was previously determined on wild-type mice. 13 Kidney supernate caspase activity was measured as described in Materials and Methods in a 60-min reaction. Blood urea nitrogen (BUN) levels were determined on serum retrieved 24 h post-IR injury. P values are indicated.
compared with nontreated animals (Figure 2A ; P < 0.0001). PrC-210 reduced cell death to a level not significantly different from that found in kidneys that did not experience IR injury (Figure 2A ; P = 0.085). Serum BUN was also measured to assess kidney function in the remaining left kidney after IR injury. Treatment with PrC-210 resulted in a significant decrease in serum BUN compared with nontreated animals ( Figure 2B ; P < 0.0001).
In an indication of a PrC-210 drug-conferred effect, mice that received decreasing intraperitoneal doses of PrC-210 showed a dose-dependent decrease in PrC-210-conferred protection against kidney IR injury ( Figure 3A) . A significant reduction in serum BUN at 24 hours was seen in the highest dose, 0.24× MTD group of mice, but lower doses of PrC-210 did not reduce serum BUN ( Figure 3B ).
PrC-210 Reduces Renal Damage Following IR Injury
Kidneys were retrieved for histologic analysis 24 hours after the 30-minute ischemic injury ( Figure 1A ). Images were taken from the corticomedullary junction ( Figure 4A ). The kidneys from mice that underwent sham surgery only showed normal histology as expected, but significant renal changes in mice that underwent IR injury were seen, including loss of tubule brush border, tubular dilation, and tubule luminal congestion ( Figure 4B and C) . In contrast, renal histology in PrC-210 + IR injury mice showed near normal brush borders within tubules and little dilation of tubules or luminal congestion ( Figure 4D ). Tubular injury scores were calculated using a custom macro in ImageJ as described in Methods. The PrC-210 + IR injury group showed a significantly improved tubular injury score when compared to the untreated IR injury group (P < 0.0001) ( Figure 4E ).
PrC-210 Toxicity and 14C PrC-210 Biodistribution
In the first PrC-210 plus IR injury experiments performed here, an intraperitoneal 0.5× MTD dose of PrC-210 (252 µg PrC-210/gm bw) was administered to mice 20 minutes before left kidney occlusion and right nephrectomy. One hundred percent (N = 5) of mice died within the following 24-hour observation period. The toxicity phenotype observed in the mice that died (sleepy, unresponsive, then death) closely resembled that seen in mice previously given increasing, and then lethal doses of an intraperitoneal, oral, or subcutaneous PrC-210 bolus to determine the respective MTDs. 13 In our earlier preclinical studies, 0.5× MTD PrC-210 dose did not result in any deaths due to discernible toxicity when given prior to ROS formation (whole-body irradiation, mechanically induced myocardial infarction). Therefore, we reasoned that with diminished glomerular filtration rate due to right nephrectomy and severe left kidney injury, we had shifted the systemic PrC-210 dosesurvival curve. An abbreviated intraperitoneal PrC-210 dosesurvival curve was then created (Table 1) , and a dose of 0.24× MTD (121 µg/gm bw) was adopted for PrC-210. Below, we adopted the same 0.24× MTD fractional doses PrC-211 and PrC-252 to enable their comparison.
In a previous biodistribution study of systemically administered 14C PrC-210 performed at Covance Laboratory, 15 a single bolus of 14 C-labeled PrC-210, mixed with cold carrier PrC-210, was administered by intravenous injection to a 300 gm rat. Excreta and animal corpse analysis established that >74% of the systemically administered dose was eliminated in the animal's urine. This provides a logical explanation for the shift in the PrC-210 dose-toxicity curve seen in the IR injury model presented here.
PrC-210 Provides Greater Renal Protection
Compared to PrC-211 and PrC-252 PrC-210, PrC-211, and PrC-252 are 3 unique aminothiol structures designed and synthesized in our lab. Each structure has previously shown systemic-and topically-conferred protection against ionizing radiation, 14 where the radiation toxicity primarily results from x-ray-induced ROS formation. To compare the efficacies of these 3 aminothiols in suppressing IR injury, the same fractional doses (0.24× MTD) of PrC-210, PrC-211, or PrC-252 were administered intraperitoneally to animals 20 minutes before renal ischemia (Figure 1 ). PrC-210 significantly decreased IR injury-induced caspase activity ( Figure 5A ; P < 0.0001). PrC-211 significantly reduced IR-induced caspase (P < 0.0001), but less effectively than PrC-210 (56% of the PrC-210 effect). PrC-252 treatment conferred no reduction in kidney caspase activity. Though PrC-210 significantly reduced serum BUN levels (P < 0.0001) in IR-injured mice, PrC-211 and PrC-252 had no significant effect on BUN ( Figure 5B ).
PrC-210 Protection of Naked DNA
The gel-based assay of • OH-induced plasmid DNA breaks (Figure 6 ), in which a 60-second pulse of
• OH was generated, demonstrated that addition of PrC-210 at all time points before the • OH insult, including as little as 30 seconds before, conferred complete protection against the • OH pulse that otherwise induced >95% damage to the naked plasmid DNA. 22 PrC-210 addition 1 minute after the ROS insult had little or no protective effect. 
DISCUSSION
IR injury remains a significant problem for all solid organ transplants, and more broadly, it contributes considerable morbidity to numerous surgical subspecialties, including cardiac and vascular surgery. We undertook this study to determine if PrC-210 would be effective in preventing the ROS damage induced during IR that accompanies all organ transplants. Our data demonstrate that (1) a single intraperitoneal injection of PrC-210 confers a dose-dependent reduction of IR-induced kidney cell death, when measured either by caspase activation or by direct histologic analysis of kidney tubules, to a level not different than that seen in control kidneys; (2) PrC-210 preserves renal function; (3) PrC-210 ROS scavenging efficacy is both immediate (s) and long-lasting (h), which would allow it to be flushed through an organ immediately before transplant and as a systemic drug before and after surgery; and (4) it does not cause nausea, emesis, or hypotension that preclude clinical use of the amifostine aminothiol. 15 Numerous reports have studied the use of antioxidants in preclinical models to show suppression of IR injury. [23] [24] [25] [26] These reports are important for providing proof of concept for this strategy; however, prolonged time to effect and severe side effects have precluded their clinical use for IR injury. Although amifostine is an effective ROS scavenger, it is excluded from clinical use due to its 91% incidence of nausea and emesis and 61% incidence of hypotension. 27, 28 Other strategies have targeted postsurgical inflammatory mediators or growth factors to decrease IR injury in kidney transplantation. Although these strategies may have some effect, they do not address the primary IR insult, which is the bolus of ROS that is generated within seconds to minutes following reestablishment of blood flow seen in transplantation and other surgical subspecialties. 29 To our knowledge, PrC-210 is currently the best available ROS scavenger. In a recent head-to-head comparison of PrC-210 against 13 other commonly studied antioxidants and ROS scavengers, PrC-210 clearly demonstrated its superiority as a ROS scavenger.
17 N-acetylcysteine actually increased ROS-induced damage, and other molecules, including glutathione and vitamin E, were without effect or showed only a small effect over hours to days due to indirect mechanisms of action. One exception was WR-1065, the active form of amifostine, which though effective, is clinically precluded due to severe side effects. 17 A single systemic dose of PrC-210, when administered 20 minutes before kidney ischemia and 50 minutes before the bolus of IR-associated ROS in the reperfused kidney, essentially eliminated the IR-associated caspase activation. Histologic analysis of kidneys corroborated the PrC-210 conferred protection; the retention of tubule brush border and absence of tubular dilation in PrC-210-treated mice were apparent. The most probable explanation for this PrC-210 effect is loading the kidney prior to occlusion, the maintenance of active PrC-210 thiol within the kidney while occluded, and the utilization of the millimolar PrC-210 thiol level in renal tubules to scavenge labile ROS as it is formed in the reperfused kidney. With a half-life of 3.5 hours at pH 7.2, additional explanations for the protective effect of a single PrC-210 dose could include its reaction with reactive molecules formed in kidney during occlusion or with the ROS produced by inflammatory cells in the kidney after reperfusion. Future studies in our lab will focus on dissecting out these individual PrC-210 contributions. 17 There are several limitations to this study. DNA damage that occurred due to IR injury was quantified via histology; however, the damage to proteins and lipids were not quantified. Though PrC-210 reduced IR injury-induced kidney caspase activity to near background, the serum BUN in those animals, though significantly reduced, remained elevated. Gill et al 30 in their review enumerate several parameters that affect blood urea that are unrelated to acute tubular necrosis and renal failure. Additionally, studies were not carried past 24 hours to determine if renal function returns to baseline and at what time point this occurs. Future studies will address longterm function in animals and apply the model presented here to a rodent kidney transplant model. PrC-210, PrC-211, and PrC-252 demonstrated different levels of efficacy in preventing IR-induced renal injury. All 3 molecules share design elements of (1) at least one (+) charged amine group that serves to concentrate the molecule around DNA because it ionically hovers over the (−) charged DNA backbone; and (2) an ROS scavenging, thiol catcher's mitt that is displaced by 3 bond lengths away from the DNA backbone to more effectively scavenge ROS from the DNA milieu (Figure 7) . 14 The ranked efficacy of PrC-210 > PrC-211 >> PrC-252 is the same as that observed in previous tests of these molecules to confer radioprotection when administered either systemically (intraperitoneal, oral) or topically to rodents. [13] [14] [15] As shown in Figure 1B , PrC-210 has 2 amines versus one in PrC-252, hence 2 (+) charges per molecule for attraction to DNA. The capped amines seen in PrC-210 are less easily metabolized by cellular acetylases compared to the bare amines seen in PrC-211. This results in a longer half-life of PrC-210 compared to PrC-211, which likely explains why PrC-210 demonstrated increased efficacy compared to PrC-211.
An important advantage of PrC-210 here is its direct mechanism of action, actually immediate action, as a ROS scavenger so that it confers protection within seconds ( Figure 6) . Importantly, at time points ranging from 5 hours to 30 FIGURE 6 . Agarose gel separation of supercoiled and nicked/
• OH-damaged forms of pGEM plasmid DNA after exposure of the plasmid DNA to a 60-s pulse of an
• OH generator (H 2 O 2 + UV light). 22 Supercoiled DNA was incubated with buffer (lane 1) or 20 mM PrC-210 (lanes 2-9) for the indicated times and then exposed for 1 min to the • OH generator. Aliquots of each reaction were then immediately electrophoresed, stained with ethidium bromide, and digitally imaged. Three replicate reactions and gels were done.
seconds before
• OH exposure, PrC-210 was equally protective of naked DNA. DNA protection was not seen when PrC-210 was added 1 minute after • OH exposure; therefore, PrC-210 confers protection by directly scavenging short-lived (milliseconds) ROS before DNA damage occurs. These findings indicate that PrC-210 has both quick onset and a lasting effect when administered before the generation of ROS. This immediate onset of action is a key characteristic that supports PrC-210 as a superior free radical scavenger compared to the other antioxidants previously studied.
Finally, the ability of PrC-210 to confer 100% protection to DNA against ROS, regardless of when administered before ROS insult, combined with its small molecular weight (MW = 148), would allow PrC-210 to be used in a variety of transplant and surgical settings to reduce IR injury. PrC-210 could be (1) added to preservation solutions and flushed through an organ, (2) injected directly into the organ before transplantation, or (3) given intravenously to a patient posttransplant. Importantly, the nature of PrC-210 as a direct-acting, highly effective ROS scavenger would allow it to be used in any environment in which blood flow is stopped and restarted, such as coronary bypass surgeries, neurological procedures following stroke, and during aorta aneurysm repairs (Figure 7) . IR injury remains a profound problem with significant implications for kidney graft function, the ability to use marginal donor organs, and healthcare resource utilization. Therefore, it is imperative that improved strategies to prevent IR injury are developed. Here, we have shown PrC-210 to be a highly effective ROS scavenger that significantly reduces IR injury-associated renal cell death.
